Abstract-Nanonetworks constructed by interconnecting nanodevices using wireless communication allow the nanodevices to perform more complex functions by means of cooperation between them. For the first time in the literature, a novel and physically realizable nanoscale communication technique is introduced: Nanoscale Heat Communication (NHC) in which the heat transfer is used for communication at the nanoscale. The transmitted information is encoded in temperature signals using Magneto-Caloric Effect (MCE) which is the change in temperature of a magnetic material exposed to a varying magnetic field. Thermal energy emitted or absorbed by a transmitter nanodevice is subject to the laws of thermal diffusion which changes the temperature of the communication medium. The transmitted information is decoded by a receiver nanodevice that senses the temperature variations. Using information theoretical analysis, a closed-form expression for the channel capacity is obtained. According to the performance evaluation of the channel capacity, NHC provides a significantly higher capacity communication compared with the existing molecular communication techniques. Therefore, NHC stands as a promising solution to nanoscale communication between nanomachines based on its channel capacity performance, advantages, and possible applications for the emerging field of nanonetworks.
the lifetime of a nanonetwork and makes MC impractical. In addition, refilling the molecule storage of a nanodevice is very challenging. Furthermore, in MC, the emission of the signal molecules in the communication medium may result in undesired accumulation of these molecules.
For the first time in the literature, we introduce a novel and radically different nanoscale communication concept: Nanoscale Heat Communication (NHC) in which the heat transfer is used for communication at the nanoscale. NHC is based on the diffusion of thermal energy. That is, the temperature of the transmitter nanodevice is modulated according to the transmitted information. Thermal energy emitted due to an increase in the temperature of the transmitter or absorbed due to a decrease in the temperature of the transmitter changes the temperature at the receiver location according to the laws of thermal diffusion. Then, the temperature variation at the receiver location is sensed by the receiver nanodevice using a thermal nanosensor. Although in [8] , [9] , the authors consider radiative exchange of heat between nanostructures, they consider only nanostructures that are in close proximity. Also, they do not propose and analyze a communication system. Therefore, our proposed nanoscale communication system is completely different than the existing studies.
The temperature modulation of the transmitter nanodevice is achieved by using Magneto-Caloric Effect (MCE) which is a well-known phenomenon defined as the change in temperature of magnetic materials exposed to a varying magnetic field [10] . We use MCE in NHC because it can be successfully implemented for temperature modulation, i.e., both increasing and decreasing temperature level, at the nanoscale. Therefore, using MCE instead of Joule heating to change the temperature is more advantageous because Joule heating cannot be used to decrease the temperature of the transmitter which is crucial for the proposed communication system [11] .
The transmitter nanodevice can modulate the temperature of the nanoparticle to transmit the desired information by utilizing a nanosolenoid [12] to create a magnetic field and a magnetic nanoparticle. Recently, the production of carbon nanosolenoids have been successfully realized using carbon nanotubes (CNTs) [12] [13] [14] . In addition, the theoretical analyses of the CNT bundle-based inductors are presented in [15] , [16] . CNTs bundle-based inductors have been proposed as a possible replacement for copper inductors due to their high conductivity and current carrying capabilities [17] , [18] .
Magnetic nanoparticles have been used for their ability to exhibit large MCE; e.g., the temperature of gadolinium (Gd) nanoparticles can be increased by 2 K at room temperature by applying a magnetic field having approximately 500 mT 0090-6778 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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strength [19] . For instance, magnetic nanoparticles are utilized in an experimental cancer treatment called magnetic hyperthermia in which MCE is used to heat and kill a tumor [20] . Furthermore, according to the results revealed in [12] , CNT-based nanosolenoids having a magnetic core with high permeability might generate a magnetic field with a strength on the order of hundreds of mT. Hence, MCE can be conveniently utilized in NHC to modulate the temperature of a magnetic nanoparticle. As a result, unlike the most of the existing nanoscale communication methods in the literature, NHC technique is physically realizable and hence, NHC can be experimentally validated. NHC is based on the diffusion of thermal energy; thus, NHC and MC are similar because MC depends on the diffusion of molecules. However, NHC does not have the disadvantages of MC. In NHC, the electrical energy is converted to thermal energy. Therefore, in NHC, a nanobattery is enough to provide power required for the communication unlike MC. Recently, novel energy harvesting techniques have been proposed to recharge the energy stored in the nanobatteries [21] . For instance, an experimental study for a piezoelectric nanogenerator is shown in [22] . Thus, by using these techniques, it is possible to overcome the energy bottleneck of nanonetworks and to make their lifetime infinite. Furthermore, the speed of the diffusion is proportional to the diffusion coefficient. The diffusion coefficients of biological molecules range from 10 −10 m 2 /s to 10 −11 m 2 /s [23] , [24] . On the other hand, the thermal diffusion constants of water and air at room temperature are 0.143 × 10 −6 m 2 /s and 1.9 × 10 −5 m 2 /s, respectively, which provides ∼10 5 fold higher communication speeds to NHC compared with MC. Thus, NHC can be used for significantly higher data rates than the rates achieved by MC.
Unlike MC, binary bipolar encoding can be used in NHC. That is, the temperature of the transmitter nanodevice can be modulated according to the binary bipolar encoding using MCE. As a result, the expected temperature variation of the medium due to NHC becomes zero. However, in MC, the accumulation of the molecules in a closed medium is an inevitable result [25] , which can also be an advantage [26] . Furthermore, NHC can take place in three states of the matter, i.e., solid, liquid, or gaseous, since the thermal diffusion occurs in these states. However, MC can be realized only in a liquid [23] . On the other hand, in MC, a transmitter nanodevice can emit specific type of molecules for the ligand-binding reception so that a receiver nanodevice can differentiate the molecules emitted by the transmitter from molecules in the communication medium [27] , which can increase communication range of MC [28] .
The device implementation of NHC is simple compared with MC since a nanodevice can become a transmitter by incorporating a nanosolenoid and a magnetic nanoparticle into the nanodevice and, similarly, a nanodevice can receive the transmitted temperature signals only by using a thermal nanosensor. Although the device implementation of MC is more complex than NHC, MC is a bioinspired method and hence it is a biocompatible nanoscale communication technique. Thus, it might be more troublesome to utilize NHC for intrabody applications compared to MC. That is, for intrabody applications, using MC might be more favorable than NHC. The summary of the comparison of NHC and MC is given in Table I. NHC stands   TABLE I  COMPARISON TABLE OF MOLECULAR COMMUNICATION  AND NANOSCALE HEAT COMMUNICATION as a promising solution to realize nanoscale communication between nanomachines based on its advantageous properties. The rest of the paper is organized as follows. In Section II, we explain the basic concepts of MCE and underline the governing physical laws and its mathematical formulations. In Section III, we describe the physical model of NHC and explain how each of the components in the communication model works. In Section IV, we perform an information theoretical analysis of NHC to determine the closed-form expression for the channel capacity and the signal-to-noise ratio (SNR). Section V presents numerical analyses of both the channel capacity and the SNR for NHC channel. Finally, Section VI concludes the paper.
II. THEORY OF MAGNETO-CALORIC EFFECT
Magneto-Caloric Effect (MCE) is defined as the response of magnetic materials to a varying magnetic field which manifests as a change in the entropy and temperature of the magnetic material [10] . MCE is an intrinsic property of all magnetic materials and is caused by the coupling of the magnetic sublattice 1 with the magnetic field [29] . In Fig. 1 , the thermodynamics of MCE for a ferromagnet, 2 i.e., the entropy of the ferromagnetic material S with respect to the temperature T , for both zero magnetic field H 0 and a nonzero magnetic field H 1 is schematically illustrated. If the magnetic field H 1 is applied to the ferromagnet in an adiabatic process 3 in which the total entropy of the system remains constant, the temperature of the system increases due to MCE, which is called the adiabatic temperature change and denoted by ΔT ad . The adiabatic temperature change can be visualized as the temperature difference between (S 0 , T 0 ) and (S 0 , T 1 ) points shown in Fig. 1 by the horizontal arrow, i.e., ΔT ad = T 1 − T 0 . MCE can also be expressed by means of the entropy change, denoted by ΔS, when the magnetic field H 1 is applied to the ferromagnet in an isothermal process. 4 Similar to the isothermal compression of a gaseous, the isothermal magnetization of a 1 Magnetic sublattice is a system of identical magnetic atoms or ions positioned periodically in space, with magnetic moments of the same magnitude and direction. 2 A material is a ferromagnet if all of its magnetic ions add a positive contribution to the net magnetization. 3 An adiabatic process is defined as a process occurring without input or output of heat within a system, i.e., the system is thermodynamically isolated. Therefore, by the second law of thermodynamics, in an adiabatic process the entropy of the system does not change. 4 An isothermal process is defined as a process in which the temperature remains constant. In an isothermal process, there is heat transfer between the system and the surroundings which causes the entropy of the system change by the second law of thermodynamics. Fig. 1 . The schematic demonstration of the entropy of the ferromagnetic material with respect to the temperature for zero magnetic field H 0 and a nonzero magnetic field H 1 [29] .
soft ferromagnet or a paramagnet reduces the entropy of the material and the isothermal demagnetization restores the zero magnetic field entropy of the material similar to the isothermal expansion of a gaseous. The isothermal entropy change is represented by the difference between (S 0 , T 0 ) and (S 1 , T 0 ) points illustrated in Fig. 1 by the vertical arrow, i.e., ΔS = S 0 − S 1 .
The isothermal entropy change ΔS and the adiabatic temperature change ΔT ad represent two quantitative characteristics of MCE. ΔS and ΔT ad are derived using one of the fundamental Maxwell's relations [30] 
∂S(T, H) ∂H
where S(T, H) is the total entropy, M (T, H) is the magnetization, H is the magnetic field strength, T is the absolute temperature and the subscript outside the parentheses indicates which variable is being held constant during differentiation. For an adiabatic process, the integration of the expression given in (1) yields [30] 
where H i and H f are the initial and final magnetic fields, respectively, applied to the magnetic material, and C(T, H) H is the heat capacity of the magnetic material at constant magnetic field as indicated by the subscript H. Thus, the adiabatic temperature change is proportional to the absolute temperature, to the magnetic field change and to the derivative of magnetization with respect to temperature at constant magnetic field; it is inversely proportional to the heat capacity.
III. PHYSICAL MODEL OF NANOSCALE HEAT COMMUNICATION
NHC model consists of a transmitter nanodevice (TN), a receiver nanodevice (RN), a thermal diffusion channel between TN and RN, and a noise caused by the stochastic fluctuations in the temperature at the output of the channel. In this section, we introduce NHC model by describing how each of the components in the communication model works. 
A. Transmitter
TN uses the binary bipolar encoding for the transmission of the binary information bits {a j }. To transmit the information, the temperature of TN is modulated according to the bipolar encoded signal. That is, a binary bit 0 is transmitted by a zero temperature change and a binary bit 1 is transmitted alternately by a positive temperature change and a negative temperature change with the same magnitude. The communication takes place in a 3D medium having a significantly larger extent than the size of nanodevices. Furthermore, the communication medium can be solid, liquid, or gaseous.
NHC with bipolar encoding is achieved by the utilization of MCE in TN. MCE is used in NHC since it can be successfully implemented to modulate the temperature at the nanoscale. Fig. 2(a) shows the simplified model of TN. TN includes a CNT-based nanosolenoid, a thermal insulator shell, a spherical magnetic nanoparticle, a nanobattery, and a switch. The CNTbased nanosolenoid is used to create the desired magnetic field and change the temperature of the magnetic nanoparticle by means of MCE. Since a copper nanosolenoid has a significantly large resistance and low quality factor due to nanoscale dimensions of copper wires, we use a CNT-based nanosolenoid in TN for NHC. CNT-based nanosolenoids have extremely high conductivity and current carrying capabilities [17] , [18] . Thus, Joule heating in the CNT-based nanosolenoid is significantly lower compared with a copper nanosolenoid. We also assume that the nanosolenoid is enclosed by a thermal insulator shell to prevent Joule heating from interfering with the temperature signals transmitted by TN. The switch is controlled by a controller circuit which is also encapsulated by the insulator which is not shown in Fig. 2 .
The transmission process in NHC is described as follows: a) Initially, the switch is open and there is no current flowing through the nanosolenoid; thus, there is no magnetic field created by the nanosolenoid as shown in Fig. 2 (a). The temperature of the magnetic nanoparticle is the same as the temperature of the medium, denoted by T , i.e., the system is in thermal equilibrium. b) Then, if the next information bit to be transmitted is a binary bit 0, the switch remains open and the thermal equilibrium condition is sustained because the binary bit 0 is transmitted by a zero temperature change. However, if the next information bit to be transmitted is a binary bit 1, the switch is closed instantaneously which causes a current flow through the nanosolenoid; thus, a magnetic field H is created by the nanosolenoid as illustrated in Fig. 2 (b). Since the magnetic field H is applied instantaneously to the magnetic nanoparticle, the process of applying the magnetic field can be approximated as an adiabatic process. Thus, the temperature of the nanoparticle increases by ΔT ad due to MCE. Then, heat flows from the nanoparticle to the communication medium due to the temperature difference. For example, the temperature of Gd nanoparticles increase by 2 K by applying a magnetic field having 500 mT strength at room temperature [19] . With the advances in nanotechnology, CNT-based nanosolenoids having a magnetic core with high permeability can generate a magnetic field with a strength on the order of hundreds of mT [12] . Thus, MCE can be conveniently used in NHC to modulate the temperature of a magnetic nanoparticle. c) In NHC, the temperature of the magnetic nanoparticle is modulated according to the binary bipolar encoding; then, the expected value of the temperature change of the medium is zero. Furthermore, since the extent of the communication medium is assumed to be significantly larger compared with the size of the magnetic nanoparticle, the heat capacity of the communication medium is also significantly larger than the heat capacity of the nanoparticle. For instance, 1 L of water at room temperature T = 300 K has a heat capacity C V = 4140 J/K and a nanoparticle has a heat capacity on the order of 10 −18 J/K [31] . Thus, the steady state temperature change of the communication medium caused by NHC is negligible compared with the temperature of the medium T and hence T can be assumed to be unchanged. Then, the magnetic nanoparticle returns to its initial temperature T after the thermal equilibrium is reached as shown in Fig. 2(c) . d) After transmitting the binary bit 1, if the next information bit to be transmitted is a binary bit 0, the switch remains closed and the magnetic field H is held constant. However, if the next information bit to be transmitted is a binary bit 1, the switch is opened instantaneously, which cuts off the current flowing through the nanosolenoid; thus, the magnetic field H disappears as shown in Fig. 2(d) . Since the magnetic field H that is applied to the magnetic nanoparticle instantaneously vanishes, the process of the removal of the magnetic field can be approximated as an adiabatic process. Hence, the temperature of the nanoparticle decreases by ΔT ad due to MCE. Then, heat flows from the medium to the nanoparticle because of the temperature difference. e) The heat capacity of the communication medium is large enough that the temperature of the medium T is assumed to be unchanged (see item (c) above) and hence the temperature of the nanoparticle returns to its initial value T after the thermal equilibrium is reached as shown in Fig. 2 (e). That is, the system reaches its initial condition (see item (a) above). Therefore, the information transmission process continues from item (a) in a cyclic manner. When the switch is closed instantaneously, the temperature of the magnetic nanoparticle adiabatically increases by ΔT ad . At the end of the adiabatic process, the temperature of the magnetic nanoparticle changes according to the thermal diffusion. In other words, the initial condition for the temperature of the magnetic nanoparticle is T +ΔT ad before the thermal diffusion takes place. Thus, the adiabatic temperature change can be modeled as an impulse function with a magnitude ΔT ad . Furthermore, the radius of the spherical magnetic nanoparticle is considered negligible with respect to the distance between the TN and the RN; that is, r d. Therefore, the magnetic nanoparticle is approximated as a point source emitting desired temperature signals at the location (x = 0, y = 0, z = 0). Finally, the temperature variation of the magnetic nanoparticle is expressed as
According to the information transmission process described above, the total temperature variation of the nanoparticle located in TN is given by
where {b j } is the bipolar encoded sequence of the binary information sequence {a j } and T s is the signaling interval. The block diagram representation of the transmitter and channel can be seen in Fig. 3(a) .
B. Signal Propagation
The transmission of the information from TN to RN is achieved by the propagation of the temperature signals transmitted by TN. The temperature signals propagate from TN to RN only by means of the laws of conductive heat transfer, i.e., thermal diffusion. To derive the impulse response of the thermal diffusion channel, we use the heat equation which describes the variation in temperature in a given region over time [32] . The heat equation is given by
where u(x, y, z, t) is the temperature of the point (x, y, z) at time t, ∇ 2 u(x, y, z, t) is the sum of the 3D spatial second derivatives of u(x, y, z, t), and α is the thermal diffusivity of the medium. The usual heat equation is valid for the heat transfer in a system with nanoparticles in the absence of phase transformations [33] . The impulse response of the thermal diffusion channel can be found by solving (5) for a point heat source with an initial condition given by u(x, y, z, t = 0) = δ(x, y, z). The response of (5) to this initial condition yields the impulse response of the thermal diffusion channel, denoted by h(t), and it is is given as follows
where V is the volume of the magnetic nanoparticle, i.e., V = (4/3)πr 3 , |d| is the Euclidean distance between RN and TN, i.e., |d| = (x R ) 2 + (y R ) 2 + (z R ) 2 , and (x R , y R , z R ) is the location of RN in 3D Cartesian coordinate system. To have a compact notation, we drop (x, y, z) term in h(x, y, z, t) because TN and RN are located at fixed positions. Since the thermal diffusivity constant is assumed to be time-invariant, NHC channel is time-invariant.
The temperature change at the location of RN caused by the temperature variation of the magnetic nanoparticle can be obtained as
where * denotes the convolution operator. The total temperature change at the location of RN is
C. Noise
At the output of the thermal diffusion channel, a noise is added to the total temperature variation signal y T (x, t). The additive noise, denoted by n(t), is a result of thermal fluctuations which are random deviations of a system from its equilibrium. Since thermal fluctuations arise due to random vibrations or random rotations of molecules, the stochastic behavior of the thermal fluctuations is described by a Gaussian distribution based on the central limit theorem [34] . The power spectral density 5 (PSD) of the thermal fluctuations generated by an additive Gaussian noise process is given as [35] 
where T is the temperature of the communication medium, C V is the heat capacity of the medium at constant volume, and k B is Boltzmann constant. Since in NHC, the temperature of the magnetic nanoparticle is modulated according to the binary bipolar encoding, the expected value of the temperature change of the medium is zero. Furthermore, since the heat capacity of the communication medium is assumed to be significanlty larger than the heat capacity of the magnetic nanoparticle, the steady state temperature change of the medium is considered negligibly small compared with the temperature of the medium T . For example, 1 L of water at room temperature T = 300 K has a heat capacity C V = 4140 J/K and a nanoparticle has a heat capacity on the order of 10 −18 J/K [35] . Therefore, the temperature of the medium T and the PSD of the noise are assumed to be constant. Consequently, based on the aforementioned assumptions, the additive noise in NHC can be modeled as an additive white Gaussian noise (AWGN) with a PSD expressed in (9) .
D. Receiver
RN is located at a distance d from TN and the total instantaneous temperature variation at the receiver location is
RN includes a thermal nanosensor to detect the temperature signals transmitted by TN. For example, a cantilever-based thermal nanosensor can have a sensitivity of ∼10 −5 K [36] and a sensor based on coupled microwave resonators can have ∼10 −9 K temperature sensitivity [37] . To increase the signal-tonoise ratio (SNR) of the received electrical signals, the power of the noise is limited by a low pass filter (LPF) with unity gain before sampling the temperature. For instance, to filter temperature signals, phonon 6 filters can be used to prevent a spectral band of phonons from propagating [38] . The bandwidth of the LPF, denoted by B, is chosen to satisfy B ≥ 2/T s so that the bipolar signaling wave shape is preserved at the filter output, yet the noise power is reduced by the filter [39] . It is assumed that RN samples the output of the LPF with a sampling time T s which is equal to the signaling interval of TN, and converts the sampled signals to electrical signals. Thus, assuming the 5 Power spectral density of a signal describes how the power of the signal is distributed over different frequencies 6 Phonon is the central thermal energy carrier for conductive heat transfer.
detection is coherent and there is no intersymbol interference (ISI), the temperature variation signal sampled by RN is
where z k = z(kT s ), n k = n(kT s ), and ΔT max is defined as the maximum temperature change at the receiver location and it is given by
The delay required for the temperature of the reception space reaches its maximum value, denoted by t max , is given as
The output of the sample and hold device is passed through a threshold device. The output of the threshold device gives the detected bits that are transmitted by TN. If |z n | > T th , the output of the threshold device is 1, otherwise 0 where T th is the threshold temperature. To have a negligible ISI, the sampling time T s should be large enough, i.e., T s t max . The block diagram of the receiver can be seen in Fig. 3(b) .
IV. AN INFORMATION THEORETICAL ANALYSIS
OF NANOSCALE HEAT COMMUNICATION In this section, we present an information theoretical analysis of NHC. According to the communication model described above, NHC channel is time-invariant, has an additive white Gaussian noise (AWGN), and utilizes the binary bipolar signaling for the information transmission. To characterize the channel of NHC, first, we derive the information transmission probabilities of the channel.
Since the channel noise is AWGN, it is a zero-mean widesense stationary Gaussian process. We know that for a Gaussian process at the input, the output of the linear processor is also a Gaussian process. Therefore, the noise sample at the output of the sampler device is a zero mean Gaussian random variable and the total output sample z n is a Gaussian random variable whose mean value depends on the transmitted bipolar information bit b n as in (11) . That is,
where σ 2 0 is the variance of the noise samples and it is equal to the average received noise power, denoted by P n , i.e., σ 2 0 = P n . The power of the noise is limited by the low-pass filter (LPF) before sampling the temperature; hence, the average received noise power P n is given by
If the threshold of the threshold device is T th = ΔT max /2, then, the probability of erroneous transmission of bit 1 is
where Q(·) is the Q-function. The probability of erroneous transmission of bit 0 is
Since p = q, NHC channel exhibits binary asymmetric channel (BAC) characteristics. Assume that X is the transmitted bit by TN and Y is the received bit by RN. Then, we assume that TN transmits bit 1 with a probability P T , i.e.,
Using (17), the joint probability distribution of X and Y , denoted by P XY (x, y), is
The joint distribution P XY (x, y) expresses the probability of that the observed output symbol is y and the transmitted symbol is x. The mutual information between X and Y denoted by I(X; Y ) is given in [40] as follows
where P Y (y) is the probability distribution of Y . It is straightforward to obtain P Y (y) using the joint distribution P XY (x, y). NHC channel capacity, denoted by C, is the maximum value of the mutual information [40] and the channel capacity C is found as follows
where H(·) is the binary entropy function defined as H(q) = −q log 2 q − (1 − q) log 2 (1 − q). Furthermore, the operational channel capacity in bits/sec (bps) is given as
where T s is the signaling time of NHC. To derive an expression for the average received signal power, we start with the general expression for the PSD of the digital signal in (8) , which is given in [39] as
where R k is the autocorrelation function of the bipolar encoded data, which is given as
Fourier Transform of y(t) given by
Although the capacity achieving input distribution is not uniformly distributed, to simplify the mathematical analysis, we consider a transmitted binary information sequence {a k } in which 0's and 1's are equally likely, i.e., Pr(a k = 0) = Pr(b k = 0) = 1/2 and Pr(a k = 1) = Pr(b k = ±1) = 1/2. Thus, the autocorrelation function for the bipolar encoded data is simply given by
Then, the summation term in (22) becomes
Since the received signal is passed through the LPF, the average received signal power, denoted by P s , is given by
Therefore, the received signal-to-noise ratio (SNR) for NHC is found as follows
where P n and P s are given in (14) and (25), respectively.
V. PERFORMANCE EVALUATION
In this section, we present the performance analysis of the signal-to-noise ratio (SNR) in (26) and the channel capacity in (20) and (21) . In the numerical analyses, we show how the SNR and channel capacity of NHC vary according to several parameters namely the adiabatic temperature change, the thermal diffusivity constant, and the distance between TN and RN. The results of the numerical analyses are used to determine the appropriate configuration of NHC parameters to achieve high channel capacity.
The analyses are carried out with a single TN and a single RN configuration as described in Section III. For the analysis, the radius of the magnetic nanoparticle is r = 5 nm which is a typical nanoparticle radius size [41] . Since T s t max condition should be satisfied to have a negligible ISI, we assume T s = 10t max . As we state in Section III, if the condition B ≥ 2/T s is fulfilled, the received signal shape at the output of the low-pass filter (LPF) is not distorted. Then, we set B = 2/T s . The Boltzmann constant is k B = 1.38 × 10 −23 J/K. The communication is assumed to take place at room temperature, i.e., T = 300 K. Since nanodevices can be used in many different environments and NHC can take place in three states of the matter, i.e. solid, liquid, or gaseous, the communication medium for NHC depends on the application for which nanodevices are used. For the numerical analyses, we consider the communication medium as water with 1 L volume. The constant volume molar heat capacity of water at 300 K is 74.53 J/mol · K [31] . Thus, since the molar mass of water is 18 g, the heat capacity of the medium is found as C V = 74.53 · (1000 g/18 g) J/K = 4.14 × 10 3 J/K. The thermal diffusivity of the water at 300 K is α = 1.43 × 10 −7 m 2 /s [42] . The numerical analyses are performed using MATLAB.
A. Power Consumption Analysis
In this subsection, we analyze the power consumption of the TN for communication between TN and RN. We consider a CNT bundle-based nanosolenoid with a magnetic core to be able to generate the required magnetic field for NHC. CNT bundles, which form a CNT bundle-based nanosolenoid, are composed of Single-Walled CNTs (SWCNTs) as seen in Fig. 4(a) . The schematic representation of a CNT bundle-based nanosolenoid and magnetic field generation system is shown in Fig. 4(b) . The equivalent circuit model of the magnetic field generator is shown in Fig. 4(c) .
To accurately characterize the resistance of a CNT bundlebased nanosolenoid, we adopt the equivalent conductivity model of CNT bundles presented in [15] . The equivalent conductivity model is an efficient and accurate approximation of the magnetic inductance of the discrete SWCNTs with a single conductor which has the same dimensions as the CNT bundle. Both the magnetic inductance and the ohmic resistance characteristics of the CNT bundle are captured by adjusting the resistivity of the single conductor to obtain a new effective resistivity, denoted by ρ eff , which is given by
where ρ c is the ohmic resistivity of an individual nanotube, d c is the diameter of a SWCNT, P m is the probability that a given SWCNT in the bundle is metallic, w s and t s are the width and thickness of the CNT bundle, respectively. Then, the resistance R of the nanosolenoid is given by R = ρ eff 2πr s N/w s t S where r s is the radius of the nanosolenoid. The generated magnetic field is B = μ 0 μ r NI/l s where μ 0 is the magnetic permeability of free space, μ r is the relative permeability of the magnetic core, N is the number of turns, I is the current passing through the nanosolenoid, and l s is the length of the nanosolenoid.
For the power consumption analysis, we assume that w s = 4 nm and t s = 4 nm, r s = 25 nm, l s = 100 nm, N = 1000 turns, μ r = 20000. The diameter and resistivity of a SWCNT are given by d c = 1 nm and ρ c = 10 −8 Ωm, respectively [15] . In addition, we consider the probability that a given SWCNT in the bundle is metallic as P m = 10 −16 . To have ΔT ad = 2 K, we need to generate a magnetic field B = 0.5 T [19] and hence we need a current I = 1.98 nA passing through the nanosolenoid which have a resistance R = 0.45 kΩ. Therefore, the power consumption of the magnetic field generator circuit is P consumed = I 2 R = 1.76 fW. In [22] , it is shown that a piezoelectric nanogenerator can produce an average power density of 2.8 mWcm −3 . Therefore, a piezoelectric nanogenerator having a cubic shape with an edge length of 900 nm can generate a power of P battery = 2.04 fW which is enough to create a magnetic field B = 0.5 T.
B. Effect of Communication Distance
In the second analysis, we investigate the effect of the communication distance d on the SNR and the channel capacity of NHC. In this part of the analysis, the adiabatic temperature change and the thermal diffusivity constant are kept unchanged at ΔT ad = 2 K and α = 1.43 × 10 −7 m 2 /s, respectively. The SNR variation with respect to the communication distance d is illustrated in Fig. 5(a) . The SNR decreases with an increase in d because as the communication distance increases, the received power of the temperature signal P s decreases, which can be seen in (25) . For example, SNR = 107.7 dB at d = 100 nm and SNR = −21.1 dB at d = 2.5 μm.
In Fig. 6(a) , the variation of the channel capacity C in bit/use with respect to the communication distance d is shown. For short communication distances, since the SNR is too high as seen in Fig. 5(a) , the effect of the noise on the information transmission is negligible; that is, the erroneous transmission probabilities p and q are too small. For instance, for a communication distance d < 1.0 μm, the SNR > 15 dB and the channel capacity has its maximum value C = 1.0 bit/use. On the other hand, for long communication distances, since the SNR decreases and becomes negative, the effect of the noise turns out significant and reduces the channel capacity. For example, for d > 1.0 μm, C decreases and becomes C = 0.03 bit/use at d = 2.5 μm as shown in Fig. 6(a) .
The channel capacity C op = C/T s in bps changes with respect to the communication distance d as shown in Fig. 7(a) . Note that, the variations of the channel capacity in bit/use and bps with respect to d are different because substituting T s = 10t max and (13) 
C. Effect of Adiabatic Temperature Change
In this analysis, we investigate the effect of the adiabatic temperature change ΔT ad on the SNR and the channel capacity. The communication distance and the thermal diffusivity constant are kept unchanged at d = 500 nm and α = 1.43 × 10 −7 m 2 /s, respectively, during this part of the analysis. The SNR variation with respect to the adiabatic temperature change ΔT ad is demonstrated in Fig. 5(b) . The SNR increases with an increase in ΔT ad , which is an expected result because as ΔT ad increases, the received power of the temperature signal P s increases as seen in (25) .
The channel capacity C in bit/use with respect to the adiabatic temperature change ΔT ad is shown in Fig. 6(b) . For a small adiabatic temperature change, since the SNR is too low as seen in Fig. 5(b) , the effect of the noise on the information transmission is significant which makes the channel capacity to become too low. On the other hand, for a large adiabatic temperature change, since the SNR is high, the effect of the noise on the information transmission is negligible; that is, the erroneous transmission probabilities p and q are too small.
The channel capacity C op in bps changes with respect to the adiabatic temperature change ΔT ad as shown in Fig. 7(b) . Note that, since the signaling time T s does not depend on ΔT ad , the variations of the channel capacity in bit/use and bps with respect to ΔT ad are the same. That is, for an adiabatic temperature change ΔT ad = 0.1 K, the channel capacity is C op = 28.9 kbps and for an adiabatic temperature change ΔT ad > 0.5 K, the channel capacity saturates and becomes C op = 343.2 kbps as illustrated in Fig. 7(b) . Therefore, the channel capacity can be increased by increasing the adiabatic temperature change. However, since the channel capacity saturates as ΔT ad increases, to minimize the effect of the temperature signals on the communication medium, the smallest ΔT ad providing C = 1.0 bit/use can be used.
D. Effect of Thermal Diffusivity Constant
In the last analysis, we investigate the effect of the thermal diffusivity constant α of the communication medium on the SNR and the channel capacity of NHC. For this part of the analysis, the communication distance and the adiabatic temperature change are kept unchanged at d = 500 nm and ΔT ad = 2 K, respectively. The SNR variation with respect to the thermal diffusivity constant α is shown in Fig. 5(c) . The SNR decreases with an increase in α. This is an expected result because as the thermal diffusivity constant increases, the average received power of the temperature signal P s decreases, which can be seen in (25) . Furthermore, substituting T s = 10t max , B = 2/T s , and (13) in (14) V . Therefore, increasing α also increases the average received noise power P n . In addition, the SNR decreases abruptly when α is increased from 10 −8 m 2 /s to 4 × 10 −6 m 2 /s; then, it decreases slowly.
The channel capacity C in bit/use with respect to α is shown in Fig. 6(c) . For low thermal diffusivity constants, since the SNR is too high as seen in Fig. 5(c) , the effect of the noise on the information transmission is negligible; that is, the erroneous transmission probabilities p and q are too small. For example, for a thermal diffusivity constant α < 4 × 10 −6 m 2 /s, the SNR > 10 dB and the channel capacity is very high, i.e., C > 0.97 bit/use. On the other hand, for a high thermal diffusivity constant, since the SNR is very low, the effect of the noise becomes significant and reduces the channel capacity.
The channel capacity C op in bps changes with respect to the thermal diffusivity constant α as shown in Fig. 7(c) . Note that, the variations of the channel capacity in bit/use and bps with respect to d are different because C op = 0.6αC/d 2 as found in Section V-A; that is C op depends on α. Since C also depends on α, the effect of the α on C op is not straightforward. 
VI. CONCLUSION
In this paper, we propose NHC technique in which the heat transfer is used for the transmission of information at the nanoscale. The numerical analysis of NHC show that the channel capacity performance of NHC can reach very high rates over a long communication range compared with existing nanocommunication methods in the literature. Furthermore, according to the results, the amplitude of the temperature signals does not need to be very high; thus, NHC can be used inside a living organism without harming living cells in the communication environment. Moreover, the channel capacity can be increased significantly by selecting a communication medium having an appropriate thermal diffusivity constant. As a result, NHC stands as a promising solution to nanoscale communication between nanomachines based on its channel capacity performance, advantages, and possible applications for the emerging field of nanonetworks.
